A xylanase encoded by the xynA gene of the extreme thermophile "Caldocelum saccharolyticum" was overexpressed in Escherichia coli by cloning the gene downstream from the temperature-inducible k PR and PL promoters of the expression vector pJLA602. Induction of up to 55 times was obtained by growing the cells at 42°C, and the xylanase made up to 20% of the whole-cell protein content. The enzyme was located in the cytoplasmic fraction in E. coli. The temperature and pH optima were determined to be 70°C and pH 5.5 to 6, respectively. The xylanase was stable for at least 72 h if incubated at 60°C, with half-lives of 8 to 9 h at 70°C and 2 to 3 min at 80°C. The enzyme had high activity on xylan and ortho-nitrophenyl P-D-xylopyranoside and some activity on carboxymethyl cellulose and para-nitrophenyl ,l-D-cellobioside. The gene was probably expressed from its own promoter in E. coil. Translation of the xylanase overproduced in E. coli seemed to initiate at a GTG codon and not at an ATG codon as previously determined.
Xylan is a major component of hemicellulose and, after cellulose, the second most abundant polysaccharide in nature. It is found in large amounts in wood and plant material. Xylan consists of a backbone of D-xylose residues and often has a-L-arabinofuranose and glucuronic acid side chains. Most xylans are also acetylated. Degradation of xylan requires the action of several different enzymes. Among these, endo-1,4-p-xylanase (EC 3.2.1.8) is the most important as it initiates the degradation of xylan into xylo-oligosaccharides (3) .
Xylanases from various microorganisms including fungi and yeasts have been isolated and characterized (4, 6, 7, 14, 31, 32, 35, 48, 52) . Several xylanases, mainly from Bacillus spp., have been cloned and expressed in Escherichia coli (10, 11, 13, 21, 47, 51, (53) (54) (55) , but only a few of them were from thermophilic organisms (10, 13) . Xylanases which showed optimum enzymatic activity at temperatures of 70 to 80°C have been reported (14, 48, 52) . However, none of the enzymes were stable if kept long term at temperatures above 650C.
The bacterium "Caldocellum saccharolyticum" is an obligately anaerobic, gram-positive microorganism which will grow at 80°C but which has a temperature optimum for growth of 68 to 700C. The organism can utilize either xylan, cellulose, or starch as sole carbon source (2) . The temperature optima and stabilities of the cellulolytic and hemicellulolytic enzymes produced by "C. saccharolyticum" are among the highest for cellulases and hemicellulases reported so far (2, 20, 32, 40, 52) . Hemicellulases may play an important role in the enzymatic bleaching of pulp in the manufacture of paper (19, 36, 38) , and therefore enzymes from extremely thermophilic microorganisms may have a distinct advantage over their mesophilic counterparts.
Recently, we have cloned in E. coli a genomic fragment from "C. saccharolyticum" which contains the gene for a xylanase (xynA) (28) which acts also on ortho-nitrophenyl * Corresponding author.
,-D-xylopyranoside (ONPX), a substrate used for P-xylosidases (22) . The fragment also contains the genes for a ,-xylosidase and an acetyl esterase (28) . In this paper we describe the overexpression of the xynA gene in E. coli and the characterization of its gene product.
MATERIALS AND METHODS
Bacteria and culture conditions. E. coli strains TG1 [A(lac pro) supE thi hsdS F' (traD36 proAB+ lacIq lacZAM15) ; 50] and RR28 (pheS12 thi-J leu-6 proA2 hsd-20 supE44 lacYl galK2 ara-14 mtl-l xyl-5 recA endA rpsL20 X-, F-; 16) were used. Media and culture conditions have been described previously (5) . Induction of the xylanase gene cloned into pJLA602 was measured by inoculating an overnight culture (grown at 30°C) of RR28 containing the pJLA602 derivative 1:10 in fresh L broth plus ampicillin (100 ,ug/ml) medium and growing the cells at 30 or 42°C to an optical density at 600 nm (OD6.) of 0.8 to 1.
Construction of plasmids. For construction of plasmids, see Fig. 1 and 4. The construction of pNZ1435 is described elsewhere (28) . The plasmid contains the xylanase gene (xynA) on a 1,317-base-pair (bp) BamHI-BalI fragment cloned in pBS(-) (46 Plasmid pNZ1653 was constructed by deleting the sequence upstream of the second Shine-Dalgarno (SD) sequence of the xynA gene on pNZ1435 by using the polymerase chain reaction (PCR) . The forward primer (EL6) binds to the second SD sequence region and has an additional 11 bp containing a Sall site on its 5' end. The reverse primer (EL5) binds at position 888-912 in the xynA gene (see Fig. 1 and 4) .
The PCR product was blunt ended by using the Klenow fragment of E. coli polymerase I and T4 DNA polymerase, cut with HindIlI and ligated into HindIII-HincII-cut pNZ1435. The occurrence of the desired construct was greatly enhanced by the back-filling reaction. The plasmids pNZ1650, pNZ16S1, and pNZ1652 were obtained when the PCR product was not back-filled before ligating the HindIIIcut PCR product into HindIII-HincII-cut pNZ1435. These plasmids do not have the additional Sall site of the EL6 primer. The whole xynA gene present in pNZ1653 and the region up to the HindIII site in pNZ1650, pNZ1651, and pNZ1652 have been sequenced (42) as described in the Bluescript manual (Stratagene) by using the T3 primer. pNZ1657 was constructed by cloning the SalI-BamHI fragment (using the SalI site introduced with PCR primer EL6) from pNZ1653 into XhoI-BamHI-cut pJLA602. Standard recombinant DNA techniques were used (29) .
Primer synthesis and PCR. Synthetic oligonucleotide primers EL5 and EL6 were prepared by phosphoramidite chemistry by use of an Applied Biosystems DNA synthesizer (model 381A). The primers used were: EL5 5' CTTCTATAGCCTTTTTTAAATTACT 3' EL6 5'ATAAGTCGACAGAGGTGTTTAATTGTGTGCGAAAA 3' The forward primer (EL6) binds to the second SD sequence region and has an additional 11 bp, containing a Sall site, on its 5' end. The reverse primer (EL5) binds at position 888-912 in the xynA gene ( Fig. 1 and 4) . The 1.3-kilobase-pair BamHI fragment from pNZ1435, extracted from a lowmelting-point agarose gel (29) , was used as the template.
Five nanograms of template and 50 pmol of primers EL5 and EL6 were incubated in 50 ,ul of reaction volume containing 20 25 ,000 x g for 20 min, and the supernatant was stored at -20°C.
Cell fractionation. E. coli RR28(pNZ1448) was grown as described above. Cells were fractionated following the protocol of Finlay et al. (8) . Cells were collected by centrifugation (5,000 x g, 10 min), washed once with 5 ml of 50 mM Tris buffer (pH 8) containing 20% sucrose, and then suspended in 1 ml of 50 mM citrate buffer (pH 6) containing 20% sucrose. A 20-,ul volume of 250 mM EDTA containing 5 mg of lysozyme per ml was added, and the cells were incubated at 37°C for 30 min. Spheroplasts were collected by centrifugation (5,000 x g, 10 min), and the supernatant (periplasmic fraction) was stored at -20°C. The spheroplasts were suspended in 2 ml of xylanase buffer plus 10 ,ug of RNase and DNase per ml and broken open by sonication as described above. Any remaining cells were removed by centrifugation (5,000 x g, 10 min), and the membranes were pelleted (165,000 x g, 60 min, 4°C). The supernatant (cytoplasmic fraction) was stored at -20°C. The pellet (membrane fraction) was suspended in 200 ,ul of xylanase buffer and stored at -20°C.
Protein determination. Whole-cell protein concentration was determined by a modified Lowry procedure (49). A 1-ml volume of cell culture with an OD600 of 1 corresponded to approximately 250 ,ug of whole-cell protein. The protein content of sonicated cell extract was measured by using the method of Lowry et al. (26) .
Enzyme assays. Xylanase activity was measured by using oat spelt xylan (Sigma Chemical Co., St. Louis, Mo.) as the substrate. The release of reducing sugar was determined by a modification of the method of Lever (24) . A 500-pA volume of xylan solution (0.25% xylan in 50 mM citrate buffer [pH 6]) was mixed with 10 or 20 pA of enzyme extract and incubated at 70°C. The reaction was terminated by adding of 1 ml of coloring reagent (50 mM para-hydroxy benzoic acid hydrazide, 300 mM NaOH, 50 mM Na2SO3, 15 mM CaC12, 20 mM trisodium citrate). The mixture was boiled for 10 min, and the A420 was measured. The concentration of reducing sugar released enzymatically was determined by using D-Xylose as the standard (concentration, 0 to 200 nmol). The assay was linear in the range between 2 and 25 ,ug of sugar in the assay, with xylose as the standard (OD420 of 0.1 to 1.6). The assay was equally sensitive for other sugars like glucose. Units are expressed as micromoles of reducing sugar released from xylan per minute. Activity on carboxymethyl cellulose (CMC) was measured as described for the degradation of xylan (i.e., xylanase assay) by using a 0.25% solution of CMC in 50 mM citrate buffer (pH 6). The substrate concentration used in the xylanase or CMC assay (0.25% xylan or CMC solutions) was not rate limiting since similar amounts of reducing sugars were obtained for xylan or CMC solutions of 0.25, 0.5, and 0.75%.
Activity on ONPX was measured as described previously (27) . A (46) ; O*, A PR and PL promoters of pJLA602 (43) . Numbers above the restriction enzyme sites give the distance in base pairs from the BamHI site, the beginning of the cloned fragmnent. The endpoint of the deletion in the various Bal 31 or PCR deletion plasmids is indicated by the number preceding the bar (see also Fig. 4) . Abbreviations: B, BamHI; E, EcoRI; H, HindIII; Hc, HincII; S, SaIl; Sp, SphI; X, XhoI; XIS, XhoI cloned in Sall; Sm/Ba, end of cloned fragment in pNZ1435. The fragment was cloned as a Sall-Ball fragment into Sall-SmaI-cut pBS(-) to give pNZ1435 (28) . The xylanase gene is transcribed from BamHI to Ball. EL5 and EL6 are the primers used in the PCR. EL6 contains an additional 11 bp, including a Sall site (Sb) at its 5' end not homologous to the sequence. E', EcoRI site which was introduced in the construction of the plasmid.
were calculated as described previously (22) . Activities on para-nitrophenyl (pNP) P-D-cellobioside and other pNP glycosides (pNP ,-D-glucopyranoside, pNP P-D-mannopyranoside, pNP a-D-galactopyranoside, and pNP X-L-arabinofuranoside) were determined as described for the ONPX assay.
The pH optimum was obtained by incubating toluenized cell extracts at 70°C in 50 mM citrate buffers of pH 4 to 8. The temperature optimum was determined by incubating toluenized cell extracts in 50 mM citrate buffer (pH 6) at temperatures from 37 to 90°C for no longer than 30 min. The solutions contained either 0.25% oat spelt xylan or 2 mM ONPX. Temperature stability was determined by incubating toluenized cells at 60, 70, or 80°C for a standard time period prior to assay. Residual activity was measured at 60°C.
,-Galactosidase and P-lactamase were measured as marker enzymes in the cytoplasm and periplasm, and activities were determined as described previously (18, 33) .
All enzyme assays were carried out in triplicate (variation of time and concentration), and enzyme values are averages of at least two independent experiments. SDS-polyacrylamide gel electrophoresis. Samples were boiled for 5 min in the presence of SDS loading buffer and electrophoresed in an SDS-15% (wt/vol) polyacrylamide gel by the method of Laemmli (23) . Protein bands were visualized by Coomassie blue staining. Protein size markers from Pharmacia AB were used.
RESULTS
General properties of the xylanase. The characteristics of xylanase were determined in toluenized cells of E. coli strain TG1 harboring pNZ1435. TG1(pNZ1435) showed xylanase activity of 2.7 U/mg of protein. It also had an activity of 0.034 U/mg of protein on ONPX, a substrate used for P-xylosidases (22) . The xylanase also degraded CMC (1% of the activity on xylan) and pNP ,-D-cellobioside (20% of the activity on ONPX). No other enzyme activity was detected in TG1(pNZ1435). Extracts of TG1 alone did not show any activity on the different substrates. The xylanase showed optimum activity at pH 5.5 to 6, with only marginal activity below pH 5 or above pH 7.5. The temperature optimum was 70°C, with 50% activity at 55°C and between 75 and 80°C. The enzyme was stable when incubated over a period of 72 h at 60°C prior to assay. It retained 75% of its activity after 5 h at 70°C, with a half-life of approximately 8 to 9 h. The half-life at 80°C was 2 to 3 min.
Overexpression of the xylanase gene. The xylanase gene was cloned in both directions downstream from the bacteriophage X promoters PR and PL of the expression vector pJLA602 (43) , giving pNZ1448 (plus sense) and pNZ1449 (antisense) in an attempt to overproduce the xylanase in E. coli (Fig. 1) Xylanase activity and activity on ONPX were determined by using toluenized cells of RR28 containing pNZ1448 or pNZ1449 grown at 30 or 42°C.
An increase in xylanase and ONPX activity of up to 55 times could be obtained when E. coli RR28(pNZ1448) was incubated at 42 instead of 30°C because of the increased transcription of the gene from the A PR and PL promoters. No increase in enzyme activity was found when RR28(pNZ1449) was grown at 42°C (Fig. 1) .
The xynA gene seemed to be transcribed from its own promoter region under conditions inhibiting transcription from the A PR and PL promoters since the xylanase gene was expressed at a low level at 30°C in RR28(pNZ1448) as well as in RR28(pNZ1449).
The high level of enzyme activity in RR28(pNZ1448) grown at 42°C was also reflected in the whole-cell protein content. SDS-polyacrylamide gel electrophoresis of wholecell protein of RR28(pNZ1448) grown at 42°C showed a major band at 40 kilodaltons (Fig. 2, lane 3) . The size of this band is in accordance with the molecular mass determined for the xylanase from sequence analysis (40.5 kilodaltons; 28). This band can not be seen in extracts from RR28(pNZ 1448) grown at 30°C or from RR28(pNZ1449) (Fig. 2, lanes 1,  2, and 4) . Under inducing conditions, the xylanase made up to 20% of the whole-cell protein as estimated visually by the intensity of the Coomassie blue staining.
The growth rate of RR28 (pNZ1448) ,ug/ml]). No reduction in growth rate was observed when E. coli RR28(pNZ1449) was grown at 42°C.
The xylanase gene cloned on pNZ1448 could not be induced by growing the cells at 37°C. Growing RR28 (pNZ1448) at 42°C for 1 h and subsequent growth at 37°C resulted in lower enzyme yields (data not shown).
Heat purification of the xylanase. Heat purification of the xylanase was carried out on sonicated cell extracts of induced cultures of RR28(pNZ1448). Heating the extracts at 60°C for 10 min increased the specific activity of the xylanase approximately 1.5-fold and reduced the amount of host cell protein (Fig. 3, lane 5) . Activities of 6.5 U/mg of protein (xylanase) and 0.1 U/mg of protein (ONPX) were found in the untreated extract. Denatured protein was spun down and suspended in xylanase buffer. Only 5 to 8% of the xylanase activity was found in the denatured protein pellet.
Cellular location of the xylanase. The location of the cloned xylanase in RR28(pNZ1448) was determined by separation of bacterial proteins into periplasmic, cytoplasmic, and whole-membrane fractions. The xylanase was located mainly in the cytoplasmic fraction (Table 1 and Fig. 3 ). To ensure that fractionation had occurred, ,3-galactosidase and ,-lactamase activities were determined as marker enzymes in the cytoplasm and periplasm. Of the P-galactosidase activity, 86% was found in the cytoplasmic fraction and 14% was found in the periplasmic fraction. On the other hand, 85% of the ,3-lactamase activity was present in the periplasm and 15% was in the cytoplasmic fraction.
Determination of translational start site. Determination of the N-terminal amino acid sequence of the xylanase over- 4 . DNA sequence of the region upstream of the xylanase gene from "C. saccharolyticum." The endpoints of the different deletion plasmids used to determine the translational start site and the promoter region are shown by arrows. The two possible SD sequences are underlined, and the start codons are in bold characters. The putative -35 and -10 promoter sequences are boxed. The amino acids of the N-terminal sequence determined for the xylanase are underlined. The Cys residue at position 2 could not be detected by the method used, and the Met residue at position 1 appeared to be removed in E. coli (25) . Numbers above the sequence give the distance from the BamHI site, the beginning of the cloned thermophilic fragment (see Fig. 1 ). The location of the primer (EL6) used in the construction of pNZ1653 by PCR is indicated by a line above the sequence. EL6 contains an additional 11 bp, including a Sall site, at its 5' end not homologous to the sequence. The sequence data are from Luthi et al. (28) .
produced in E. coli RR28(pNZ1448) revealed the following sequence: Glu-Asn-Leu-Glu-Met-Leu-Asn-Leu-Ser. This sequence corresponds to the amino acids found at positions 8 through 16 in the xylanase (Fig. 4) . This result would suggest either that the protein is degraded in E. coli or that the actual translational start site is further downstream than expected from the sequence data. Examination of the upstream sequence indicated that translation could initiate at a GTG codon (Fig. 4, position 210 ) instead of at the proposed ATG codon (position 195). The GTG codon is also preceded by a good SD sequence (12) . Initiation of translation at the GTG would place the Glu residue at position 3 in the amino acid sequence. The Cys residue at position 2 could not be detected by the method used for protein sequencing. The Met residue at position 1 seems to be removed in E. coli since it has been found previously when the 3-glucosidase gene of "C. saccharolyticum" was expressed in E. coli (25) .
The sequence upstream of the second xynA SD sequence was deleted from the pBS(-) derivative pNZ1435 by using PCR to demonstrate that the GTG codon could be used as the translational start site ( Fig. 1 and 4) . Deletion of the upstream sequence resulted in a drastic decrease of xylanase and ONPX activity produced in TG1 carrying the PCR deletion plasmid pNZ1653 ( Fig. 1 and 4) . The reduction of enzyme activity found for pNZ1653 was probably due to the fact that the specific xynA promoter had been removed and expression of the xylanase gene was dependent on the lacZ promoter region of the vector pBS(-) (46) .
The fragment containing the xylanase gene was then cloned from pNZ1653 into pJLA602 under the control of the X PR and PL promoters, giving pNZ1657 ( Fig. 1 and 4) . The enzyme levels found in induced cells of RR28 containing pNZ1657 were much higher than those found in cells carrying pNZ1653. However, the enzyme activities of both of these were approximately five times lower than those found for E. coli RR28(pNZ1448) (Fig. 1) .
The xylanase gene on the pJLA602 derivative pNZ1657 was completely repressed at 30°C, suggesting that the basal activity observed in RR28(pNZ1448) at 30°C could be the result of transcription from a specific xynA promoter present on the upstream sequence.
Localization of the promoter region. The xylanase gene cloned in pNZ1435, pNZ1448, or pNZ1449 seems to be transcribed in E. coli from its own promoter region. The gene is expressed in both orientations in pJLA602 (Fig. 1,  pNZ1448 and pNZ1449) , and repression at 30°C is only complete if the sequence upstream of the xylanase is deleted (Fig. 1, pNZ1657) .
Deletion of 109 bp of the upstream sequence of the pBS(-) derivative pNZ1435 (pNZ1650) or of 140 bp of the pJLA602 derivative pNZ1448 (pNZ1658) did not affect the expression of the xylanase gene (Fig. 1) . Expression of the xylanase gene in the pJLA602 derivative pNZ1658 was not dependent on the A PR and PL promoters, since xylanase activity also occurred in RR28(pNZ1659), with the gene cloned in the opposite direction to the X promoters.
Further deletion of the sequence upstream of the xynA gene cloned in the pBS(-) derivative pNZ1435 caused a drastic loss in xylanase activity (Fig. 1, pNZ1651 and  pNZ1652 ). Low levels of xylanase and ONPX activity could still be detected in TG1 carrying pNZ1651 and pNZ1652 since the gene seemed to be transcribed from the lacZ promoter region of the vector pBS(-) (46) .
From the deletion analysis, we can conclude that the xylanase gene is expressed in E. coli from its own promoter region. This promoter region is located on an approximately 60-bp fragment upstream of the SD sequence. In the pJLA 602 derivatives, the transcription of the xylanase gene is taken over by the A PR and PL promoters under inducing conditions.
DISCUSSION
We report here the characterization and regulated overexpression of a xylanase gene from an extremely thermophilic bacterium. Very highly regulated expression of the xylanase gene could be obtained in E. coli by putting the gene under the control of the A PR and PL promoters of the expression vector pJLA602. The xylanase was accounting for up to 20% of the whole-cell protein content when the growth temperature was increased from 30 to 42°C and thus was derepressing the A PR and PL promoters. It is possible that a further increase in expression level could be achieved by using different E. coli strains, media, and methods of induction (34, 41) .
Although xylanase genes from several organisms have been isolated and expressed in E. coli, only a few reports of high expression of this enzyme in E. coli have been published (47, 53, 55) . The gene was either cloned into pUC vectors or pBR322, and the expression could not be regulated. Regulated expression of a cellulase gene from Cellulomonas fimi (37) and Clostridium thermocellum (44) in E.
VOL. 56, 1990 coli has been reported by using a vector containing the A PL promoter and the temperature-sensitive XCI857 repressor. The overexpressed proteins constituted up to 20% of the whole-cell protein, but, analogous to the results reported here, the cells did not grow very well under inducing conditions.
Most of the overproduced "C. saccharolyticum" xylanase is found in E. coli in the cytoplasmic fraction. Some xylanases cloned in E. coli have also been found to be located in the cytoplasm (39, 55) , whereas others were transported to the periplasm (47, 54) .
The xylanase gene cloned into pNZ1435 or pNZ1448 seemed to be transcribed from its own promoter region, but, in pNZ1448, transcription of the gene is taken over by the strong X PR and PL promoters under inducing conditions (Fig. 1) . Deletion of the sequence upstream of the gene located the promoter region on an approximately 60-bp fragment upstream of the translational start site. Consideration of the upstream sequence left in the shortest xylanasepositive deletion plasmid (Fig. 4, pNZ1658 ) revealed a -35 and a -10 sequence with good homology to the E. coli -35 and -10 consensus sequences (TTGACA, TATAAT; 17). This sequence could be used in E. coli for the expression of the xylanase gene.
Translation of the xylanase gene appears to start at a GTG codon which is 5 amino acids further downstream than the ATG codon which was proposed by sequence analysis to be the actual start codon (28) . Comparison of the SD sequences corresponding to the two probable start sites showed that only SD sequence 2 corresponding to the GTG codon has good homology to the consensus SD sequence (12) . SD sequence 1 does not show the GGAGGA sequence most often found. This observation might explain why the GTG codon seems to be the preferred start codon in E. coli for the translation of the xylanase gene, but the situation may be different in "C. saccharolyticum." Others have suggested that the xylanase gene from Bacillus pumilus may start at a TTG codon (9) . An endoglucanase from C. thermocellum (15) and several other genes were reported to use GTG as the start codon (45) .
The temperature optimum and thermal stability of the cloned xylanase are among the highest reported for xylanases from any microorganism. Xylanases from Thermoascus aurantiacus, a Bacillus stearothermophilus-like-strain 4125, and Clostridium stercorarium have been reported with temperature optima of 75 to 80°C (1, 14, 48) . These enzymes were more thermostable than the "C. saccharolyticum" xylanase, with half-lives at 80°C of 54 min and 30 min for the T. aurantiacus and the Bacillus xylanases, respectively, and 90 min at 81°C for C. stercorarium. Neither of these genes has been cloned so far. The thermostability of the Bacillus xylanase was increased by the presence of the substrate xylan, and it may be possible that the thermostability of the "C. saccharolyticum" xylanase is also increased in the presence of xylan.
The xylanase showed activity on ONPX and pNP 1-Dcellobioside as well as marginal activity on CMC. Activity of xylanases on these substrates has been reported by others (4, 11, 13) and could be the result of nonspecific cleavage of the agluconic bond (13) . Activity on ONPX could be the result of ,-xylosidase activity of the xylanase. However, as we have not tested the activity of the enzyme on xylobiose and other xylo-oligosaccharides, the activity may be due to nonspecific cleavage of the aryl bond or transferase activity (4).
The xylanase reported here seems to be the only hemicellulase thus far from an extreme thermophile which has been expressed in E. coli in a regulated manner by putting the gene under the control of the A PR and PL promoters. The fact that the enzyme accumulates in the cytoplasmic fraction of E. coli and the possibility to denature heat-labile host proteins should facilitate the purification of the xylanase. As hemicellulases may become more important in the enzymatic bleaching of pulp in the manufacture of paper (19, 36, 38) , these properties and the high temperature optimum and stability of the xylanase may be advantages for future large-scale production.
